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A dedicated neutronics computational scheme is a crucial tool in the preparation and the post-analysis of
an irradiation experiment, as it defines the key parameters of the experiment. The complex and very
dynamic environment of a Materials Testing Reactor (MTR) core, on the other hand, represents a chal-
lenging object for neutronics calculations. Within the framework of the HELIOS experiment conducted
at the High Flux Reactor (HFR) in Petten (The Netherlands) in 2009 under the European Project
EUROTRANS, a new neutronics scheme has been developed with the objective of finding the optimum
balance between accuracy and calculation performance. This scheme is based on the Monte-Carlo tech-
nique and employs a two-level approach by separating the problem into overlapping spatial and tempo-
ral domains. The underlying physical phenomena are presented, together with elements of validation
which gives a further insight into the effects governing the neutron fluxes in the core.
 2016 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The preparation and accurate interpretation of the results of an
irradiation experiment are important steps of an irradiation cam-
paign. They requires a precise knowledge of the conditions of the
irradiation conditions, particularly as it concerns the neutron
energy spectrum and the fission source distribution, to better pre-
dict the behaviour of the experiment during the irradiation and
understand exactly, at the end of the campaign, how the irradiated
material behaved. The neutronics evaluations necessary to obtain
these data are complicated by the particularity of the core and
the operations of a MTR. Besides the high degree of material
heterogeneity and geometrical complexity within the core compo-
nents, it is the dynamic core loading and the consequential fre-
quent change in the environment of the irradiation device that
need to be taken into account (insertion, extraction of control rods;
reshuffling every cycle of the fuel elements, addition of other
experiments in the core, etc. . .). Furthermore, the composition of
the irradiated samples can evolve significantly over the duration
of the irradiation, which may extend over several months. This
paper presents the neutronics scheme developed for the interpre-
tation of the HELIOS irradiation experiment, which has been con-
ducted in the HFR reactor in Petten between April 2009 andFebruary 2010. After a short description of the HFR reactor and
the experiment in Section 2 and 3, the Monte-Carlo based scheme
is presented in Section 4. Section 5 summarises the results of the
calculations and presents first elements of the experimental vali-
dation. The conclusions and the outlook on further developments,
round up the presentation. Finally, the new neutronics computa-
tional scheme here presented for the HELIOS experiment, maybe
considered as a general procedure and it can be adapted to any
kind of irradiation experiments when detailed knowledge about
irradiation conditions are available.2. The High Flux Reactor in Petten
The High Flux Reactor (HFR) in Petten is a tank-in-pool type
irradiation reactor, cooled and moderated by light water and oper-
ated at a power of 45 MWth. It is in operation since 1961 and uses
low-enriched U3Si2 fuel since 2006. Besides performing a wide
range of technological irradiations (Fütterer et al., 2009), the HFR
is one of the major European production facility of radioisotopes
for medical applications (May and Moss, 2008).
The reactor core is composed of rectangular sub-assemblies,
arranged in an 8 by 7 array (see Fig. 1), 62.0 by 74.0 cm wide.
The core contains 33 standard fuel assemblies (7.2  8.0 cm),
which consist each of 20 fuel plates (plate/meat thickness
1.71/0.76 mm, gap width 1.5 mm, see Fig. 2) in an aluminium cas-
ing. Cadmium wires with a diameter of 0.5 mm are fixed on the
Fig. 1. Schematic cross section of the HFR core with indication of cardinal
directions.
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fuel plates, in order to decrease the power peaking at plate extrem-
ities. The active core height is 60 cm.
The core reactivity is controlled by six control assemblies, as
shown in Fig. 1. The active (absorbing) part of these assemblies
consists of a rectangular arrangement of cadmium plates with an
Al cladding within a AlMgSi frame (see Fig. 2). A follower arrange-
ment of 17 fuel plates is fixed below the absorbing part and enters
the active core zone when the control element is withdrawn in
upward direction. The 17 remaining core positions are taken up
by irradiation devices and fuel rigs or aluminium filler pieces when
unoccupied. The core is surrounded on three sides (north, east and
south) by a beryllium reflector (thickness 8.0 cm). Other irradiation
positions are located on the west side of the core, in the Pool Side
Facility. Samples can be irradiated there at different distance from
the core with the possibility to retrieve them without the necessity
to stop the reactor or wait for the end of the cycle. The experimen-
tal equipment of the core is completed by beam tubes, pointing to
the north, south and east sides of the core (cf. Fig. 1).
The neutron source within the core, as in the G7 position where
the HELIOS irradiation took place, amounts to about 8.41013
n/cm2/s for the fast flux (E > 0.82 MeV) and 7.01013 n/cm2/s for
the thermal flux (E < 0.625 eV). The more precise determination
of the neutron fluxes in the location where the fuel contained inFuel plate 
Cd wire 
Fig. 2. Fuel assembly (left) and control assemHELIOS is placed, and their variation in time, is object of the new
calculation scheme, which is described in the following section.
3. The HELIOS experiment on Minor Actinide transmutation
Minor Actinides (MA) contribute to a large part of the radiotox-
icity of spent nuclear fuel. The transmutation of these long-lived
isotopes, among which 241Am is the most prominent member, is
an attractive option for the reduction of mass and radiotoxicity
of nuclear waste. The technical feasibility of transmutation using
MA burning fuels has already been extensively established (NEA,
2006). It has however become evident in the recent EFTTRA exper-
iments (Neeft et al., 2003) that the swelling of MA containing fuel,
due to the trapping of the helium produced in the transmutation
process of 241Am, is a key issue of this approach. The HELIOS exper-
iment (D’Agata et al., 2009), performed within the EUROTRANS
project of the EURATOM 6th framework program, investigates in
this context the influence of irradiation temperature and
microstructure on gas release and fuel swelling in Uranium free
fuels. A set of five samples (see Table 1) were used to investigate
the influence of these parameters by testing matrices with differ-
ent microstructures and degrees of porosity. Samples 3 and 5 were
doped with Plutonium to assure a high sample temperature (up to
1500 C) from the beginning of the irradiation and to favour
thereby the gas release. Samples 2 and 3 were also equipped with
thermocouples (TCs), inserted in a central hole on the sample
material.
The samples consisted of 60 mm high stacks of cylindrical pel-
lets, respectively annular pellets for the samples carrying the cen-
tral thermocouple, with a diameter of 5.45 mm and were enclosed
in gas-tight test pins with an inner (ID) and outer diameter (OD) of
5.65 and 6.55 mm, respectively. The test pins were stacked within
molybdenum shrouds which were placed in two different sample
holders (ID 26.5 mm, OD 28.5 mm), named HELIOS1 and HELIOS2
(see Fig. 3) made of Stainless Steel 316. The sample holders were
filled with sodium, to enhanced the thermal bonding and thus
improve the heat removal from the test pins. Around the sample
holders there is a channel of the thimble of the experiment which
is surrounded from the water of the first cooling system. The space
between the outer wall of the sample holder and the inner surface
of the channel is connected to a dedicated gas conditioning unit
and filled by helium-neon gas mixture. By modifying the composi-
tion of the gas mixture during the irradiation, the heat transfer
between the holder and the cooling water can be changed, adjust-
ing thereby the temperature in the sodium and the samples.
For experimental and safety purposes, each sample holder was
equipped with 23 more thermocouples located at different axial
positions within suitable grooves made in the Mo shroud. In terms
of neutronics instrumentation, each sample holder was carrying 4
gamma scanning wires and one flux detector (FD) per pin, embed-
ded in the molybdenum shroud. These flux detectors (see Fig. 4)
consisted of small pieces of wires of different materials (see
Table 2), each one sealed in a small quartz tube and stacked in aFrame 
Al-Cd plate 
bly (absorber part, right) cross sections.
Table 1
Main characteristics of the HELIOS samples used for neutronic calculations.
Sample no Composition Density [g/cm3] Theoretical Density (TD) Measured [%] Final Density based on TD [g/cm3] Mass [g] Volume [cm3]
Pu Am241
1 MgO + Am2Zr2O7 0.66 91.50 3.96 5.54 1.40
2a (Am,Zr,Y)O2 0.70 92.60 5.91 7.71 1.31
3a (Pu,Am,Zr,Y)O2 0.41 0.74 89.70 5.95 7.77 1.31
4 (Am,Zr,Y)O2 + Mo 0.69 94.10 8.84 12.38 1.40
5 (Pu,Am)O2 + Mo 1.24 0.30 94.00 9.99 13.98 1.40
a Central thermocouple.
Fig. 3. Schematic view of HELIOS sample holders.
Fig. 4. Configuration of the flux detectors (FDs).
Table 2
Flux detector (FD) materials.
FD material Approx. mass [mg]
NiCo (1 wt% Co) 0.07
Fe 0.7
Ti 1.0
Nb 0.75
1 The vertical position was not significantly changed during the HELIOS irradiation,
xcept for cycles 5 and 6 where the rig was lifted by 3–4 cm.
314 E. D’Agata et al. / Annals of Nuclear Energy 101 (2017) 312–321stainless steel tube (£2.0 mm, length 25 mm). The FDs were
located next to each fuel sample, with the steel tube fitted into a
corresponding groove in the molybdenum tube, as to measurethe local irradiation flux of the sample. The detectors have been
analysed by gamma spectroscopy after termination of the experi-
ment (Mutnuru, 2010) to determine the fluence rate within the
test samples for their analysis.
The HELIOS 1 and 2 sample holders were placed in the positions
2 and 3, respectively, of a standard QUATTRO rig (see Fig. 5), posi-
tions 1 and 4 being filled with aluminium dummies. The rig takes
the place of a fuel assembly in the HFR core (see below) and
assures the sample holders to be cooled by the core’s coolant flow.
The sample holders could be moved vertically during irradiation by
up to 150 mm by means of the Vertical Displacement Unit, in order
to compensate for changes in vertical flux profile1. After each reac-
tor cycle, which lasted between 22 and 31 days, the rig was rotated
horizontally by 180 to reduce the influence of radial flux gradients.
The irradiation of the HELIOS experiment lasted 240 equivalent
full power days. After a cooling period, the sample holders were
extracted from the rig and disassembled. The gamma scanning
wires and the flux detectors underwent gamma-spectroscopye
14
3 2
7.6 cm
8 
cm
8 
cm
Fig. 5. The QUATTRO fuel rig (South orientation).
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tancy Group (NRG). Some of the irradiation samples have been
analysed in the same laboratory, others have been examined in
the hot cells of the Institute for Transuranium Elements (ITU) of
the Joint Research Centre (JRC) of European Commission.4. The calculation scheme
4.1. Challenges and calculation strategy
The preparation of an irradiation experiment requires as precise
as possible estimates of the fluxes expected during the experiment
in order to assure the achievement of the test objectives and to sat-
isfy the required safety conditions. At the same time, the calcula-
tion tool needs to be flexible, easy to use and fast enough to
perform a large number of parametric assessments. Besides these
operational constraints, the neutronics calculation is challenging
because of the complex and extremely heterogeneous geometry
involved and the dynamic environment within the core. The
changes in the samples’ environment that need to be taken into
account are as follows:
a) change of orientation of the test rig between the cycles or its
displacement to another core position,
b) change in the composition of the neighbourhood from cycle
to cycle (e.g. different test rigs in adjacent core positions,
burn-up of neighbouring fuel elements and their
reshuffling),
c) control rod movement during the cycle,
d) axial movement of the sample holders during the cycle,
e) depletion of the sample materials during the cycle.
The Monte Carlo code MCNP5 with the JEFF3.1 nuclear data
libraries (Monte Carlo Team, 2003) has been chosen for this
scheme as it allows for a detailed modelling of complex geometries
and it is one of the codes used (and validated) to perform neutronic
calculation at HFR. However, the need to integrate over small vol-
umes (sample diameter: 5 mm) within a large system (core diam-
eter: 1 m) would require a high number of particle histories to be
simulated in a direct, straightforward approach. The long calcula-
tion times which would ensue are incompatible with its utilisation
as a design and optimisation tool. The scheme presented here
solves this dilemma by applying a two steps procedure, where a
first calculation at core scale determines static, local spectra in
the sample and a second, so-called source calculation, simulatesthe irradiation at the smaller sample level. The calculation were
performed in two batches, in the first batch the core scale calcula-
tions and in the second batch source calculation for all nine irradi-
ation cycles. In both steps, the numerical models with the detailed
and heterogeneous geometries of the reactor core (southeast part)
and irradiated fuel samples were employed (see Section 4.2 and
4.3). Although such kind of method in Monte Carlo technic has
been already adopted to improve the statistic to be able to study
tiny details in a big geometry (Giusti et al., 2003; Beasley et al.,
2015; Khan et al., 2011), here, the advantages are also given by
the fact that this method allow to separate effects on the cycle
timescale (i.e. change of the core configuration) from effects on
the day-to-day timescale (i.e. depletion of the samples). In other
words, the first calculation evaluates the cycle-averaged parame-
ters for each cycle and each sample, taking into account aspects
(a)–(d) of the list above. The source calculation uses then the static
parameters obtained in the first step to calculate the variation due
to the depletion of the sample material during the cycle. A similar,
already previously employed strategy (Laurie et al., 2012) has here
been refined by restricting the core-level calculation on a part of
the core, called the Motif, and by setting up a quick core
configuration tool. Fig. 6 presents the logic chart of applied
calculation schema. In this paper we present the two step
approach, which is the last stage of the depicted chart. The previ-
ous stages were described in other studies related to the operation
of HFR reactor (HFR Core Design Analysis Reports and Cycle
Reports) and are also briefly presented in the paper (Döderlein,
2010). The following sections give more details about these
calculations.
4.2. Motif calculation
The MCNPMotif calculation is used for the determination of the
neutron spectra at the locations of the samples and of the source
intensity, which describes the coupling of the core with the sam-
ples. To improve statistics, only the irradiation rig and the adjacent
fuel and test assemblies (3  3 matrix) are included in this model.
Benchmark calculations with an entire core have shown that this
arrangement generally reproduces sufficiently well the neutronics
environment of the experiment. The HELIOS experiment, however,
was located during the whole irradiation period in the G7 core
position close the south-east corner of the core, i.e. just one fuel
assembly away from the beryllium reflector. In this case, the
benchmark showed an improvement when the reflector was
included – see Fig. 7. The boundary conditions on the reflector side
were set to void, whilst the other, core-oriented boundaries of the
Motif were reflective. The use of the reflective boundary conditions
is justified in the modelling of HELIOS experiment due to the phys-
ical conditions. This has been confirmed with previous analyses of
a whole core model containing the HELIOS experiment. The neu-
tron field, which would influence the core-oriented assemblies, is
mainly shaped by the adjacent fuel assemblies (positions H5, F5,
E6, E8), whose material composition was interpolated and used
in the validation studies. The surrounding experiments (positions
G5, E5, E7) usually do not have leading role in formation of neutron
spectrum.
The proper modelling of the fuel assemblies for a given fuel
cycle, in terms of depletion of fuel and burnable absorber, requires
in principle to perform core-follow calculations over the entire his-
tory of each fuel element. This task is accomplished for each cycle
by the reactor operator and the results are recorded in so-called
Cycle Reports, which state the average power, burn-up and amount
of burnable absorber for each fuel element at beginning, the mid-
dle and the end of the cycle. The above mentioned parameters
were obtained from calculations performed with a code system
dedicated to HFR analyses – OSCAR-3. The system uses the nodal
Fig. 6. Logic chart with calculation steps.
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specific pre and post processing tools. Benchmarks on HFR core cal-
culations performed during HEU/LEU conversion studies have
shown a good agreement between the results of the OSCAR-3 sys-
tem and the REBUS code. The experimental validation of the
OSCAR-3 system was performed by comparing numerical simula-
tions and measurement of irradiated copper wires (Müller et al.,
1994). For the use of this scheme, a particular reconstruction
method has been developed which configures the different fuel
assemblies in the MCNP-Motif problem according to the informa-
tion of the Cycle Report and the corresponding core loading
scheme for each cycle. If the calculation concerns a future core
with a presumed configuration, the assembly compositions are
automatically interpolated from an existing stock of known assem-
bly compositions.
The aforementioned reconstruction of the nuclide concentra-
tion is accomplished by a dedicated Python code which uses differ-ent algorithms for the fissile and burnable-poison nuclides as well
as the fission products. The concentration of fissile nuclides except
235U is interpolated from the nuclide concentrations found in the
assemblies of the MCNP sample problem, with the uranium and
the cadmium content as free parameters. The MCNP-model of a
fuel assembly, which models all fuel plates heterogeneously,
divides the fuel into 8 vertical zones; the Cadmium wires are split
into 4 radial and 8 axial zones. The assemblies modelled in the
sample problem have been irradiated for different numbers of
cycles in the mean spectrum of the core and display therefore a
representative nuclide vector and axial distribution of the burn-
up. The interpolation for the cadmium burnable poison is straight-
forward, as the total amount of the most important isotope 113Cd is
given as input data. The fission and decay products are interpolated
from the output of a depletion calculation with the MCNPX code of
a standard fuel element. The applied algorithm creates the
densities of about 70 nuclides by linear interpolation between
Fig. 7. Differences in the normalised assembly power distribution of whole core and the results of Motif calculations.
Fig. 8. Thermal and fast neutron fluxes in the vicinity of samples 4 (beginning of
irradiation).
Fig. 9. Thermal and fast neutron fluxes in the vicinity of samples 5 (beginning of
irradiation).
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parameter (Khan et al., 2011).
The purpose of the Motif calculation is the determination of the
neutron spectra and source strength in the sample locations for the
subsequent source calculations. The samples, however, contain
strong absorbers the concentration of which it changes with time
and dynamically perturb the neutron flux to which the samples
are exposed. This is shown in Figs. 8 and 9, which traces the calcu-
lated fast and thermal flux in the vicinity of samples 4 and 5 at the
beginning of the irradiation as a function of the distance from the
sample centre. For sample 5, which contains the highest amount of
Plutonium at the beginning of irradiation, the thermal flux is
depressed by about 30% whereas the fast flux is increased. In sam-
ple 4, containing initially no Plutonium, the fast and thermal flux
decreased by about 25%. This comparison illustrates the need to
take into account, in some way, the depletion of the samples dur-
ing irradiation. For the flux sampling calculations using Motif
numerical model, which postulates a separation of core/sample
effects, the samples are therefore replaced by aluminium dum-
mies. The flux is sampled on a cylindrical surface enclosing the
inner part (£10 mm, height 60 mm) of the experiment (the sample
and the sodium surrounding it) with a MCNP type 2 and 5 tally in
the 172 XMAS energy groups structure.
The normalisation factor Ni of the Motif calculation is based on
the results of the core follow calculations, which provide the
amount of power produced in the assemblies of the Motif calcula-
tion Pi. With N0 as the normalisation factor for the HFR at 45MWth
nominal power (3.411018), the normalisation factor Ni is then
given by
Ni ¼ Pi N045MW ð1Þ
The normalisation factor is necessary for the normalisation of
flux-based tallies available in the MCNP/MCB codes to obtain the
values of neutron fluxes impinging fuel samples. It is also used to
calculate source strengths for source calculations (see Section 4.3).
The total normalisation factor N0 allows to couple the released
power with the neutron flux especially for the purpose of the
numerical modelling. It is applied to calculate neutron fluxes in
fuel assemblies, experiments and other devices located in the core
of HFR. The N0 was determined throughout the HEU/LEU conver-
sion studies initiated in September 2005 and finished in May
2006 by NRG (Valkó, 2005a).4.3. The source calculation
The geometry model used for the source calculation is shown in
Fig. 10. It consists of the sample with the cladding and the sur-
rounding sodium layer (£10 mm). The fuel in the sample is subdi-
vided in 8 equivolumetric radial layers, each composed of an
individually depleting material. The flux sampled on the cylindrical
surface in Motif modelling (172 energy groups) was transferred to
the spherical surface (/80 mm) for MCB modelling. Test calcula-
tions show negligible difference between MCB modelling with
Sodium
Clad
Sample material 
(8 layers)
Source
surface
Fig. 10. Source calculation geometry in vertical (left) and horizontal section (right).
Flux 
detector
Molybdenum
shroud 
Na-filling
tube 
Fig. 11. Detail of the test device modelling with the flux detector.
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found easier for numerical implementation. The sample is in the
centre of a void sphere which serves as source surface. For samples
2 and 3, equipped with central thermocouples, the model was
adapted accordingly.
The depletion calculation is performed with the Monte Carlo
Continuous Energy Burn-up Code MCB code with JEFF3.1 nuclear
data libraries (Cetnar, 2006a), which is a coupling of the MCNP5
(Monte Carlo Team, 2003) radiation transport code with the Trans-
mutation Trajectory Analysis code (TTA). The MCNP subroutines
are used for transport calculations and TTA solves the Bateman
equations, i.e. the set of first order differential equations which
describe the transmutation and decay chains (Cetnar, 2006b). Typ-
ically, the nuclear transmutation system consists of non-linear
transmutation chains. The MCB code solves this problem by using
the linear chain method. The general non-linear transmutation
chain is decomposed into a series of linear chains and then each
of them is solved separately. The obtained linear chains are called
transmutation trajectories. Every transmutation trajectory con-
tributes to the final density of a particular nuclide, but mass flow
is not preserved on the single trajectory level because of branching
to non-linear chains. The mass flow balance criterion is preserved
for all trajectories together.
Benchmark calculations performed with MCB and the FISPACT
code (Forrest, 2003) within the framework of this scheme revealed
considerable discrepancies in the prediction of the 242mAm produc-
tion in the two codes (Oettingen and et al., 2012), specifically in
systems having thermalized spectra, such as in the HFR. Conse-
quently, an improved treatment of the 242Am/242mAm branching
ratio method for thermal neutron spectra was implemented in
the MCB code.
The probability of isomer creation is described by the branching
ratio which, in turn, depends on the incident neutron energy. In
FISPACT the branching ratio up to the end of the resolved reso-
nance range is represented by a constant value, while MCB applies
the model of the effective branching ratio:
beff ¼
R1
0 bmðEÞrcðEÞuðEÞdER1
0 rcðEÞuðEÞdE
ð2Þ
where,
bmðEÞ – energy-dependent branching ratio to the metastable state,
rcðEÞ – energy-dependent neutron capture cross section on 241Am,
uðEÞ – energy-dependent neutron flux.
The MCB code has options both for eigenvalue and fixed source
calculations. In the latter case, the system is normalized to the
external source strengths (absolute flux values) providing one
source spectrum over all nine irradiation cycles. The neutron spec-
trum in the XMAS 172 group structure impinging fuel samples
from Motif calculations was imposed on the source surface sur-
rounding fuel samples. The average, external source strengths for
each fuel sample were calculated using Eq. (3).
Uo ¼
P9
i¼1/i  Ni  tiP9
i¼1ti
ð3Þwhere:
/i – total neutron flux impinging on the samples from Motif
calculations,
ti – length of irradiation cycle,
Ni – partial normalisation factor calculated using (Eq. (1)).
The MCB depletion calculations divide the 240 days of irradia-
tion in 14 time steps, sampling each one with 10106 neutron his-
tories. The whole calculation takes about 2 h on one 4-core 3 GHz
cluster-node and achieves a statistical relative error of 0.002 in the
flux tally over the sample volume.
5. Results
5.1. Test samples
The developed scheme provides all the information needed for
the preparation and the analysis of the irradiation experiment, as
the evolution of the power generated in the samples, the nuclide
inventories, the specific activities and the dose rates. The compar-
ison of the experimental results with the conventional pre-test cal-
culations shows differences of less than 10% in the above listed
quantities.
The conventional pre-test calculations were done by means of
the MCNP code. In the applied full-core model, thirteen experimen-
tal positions are filled with an idealized stainless steel experiment
and four positions are filled with an idealized ‘flux trap experiment’
(Khan et al., 2011). This core model was combined with a detailed
model of theHELIOS experiments. The nuclear datawere taken from
JEF-2.2 for 27Al and 235U, and from ENDF/B-VI.5 for all other
nuclides. The combination of the MCNP code with these nuclear
data has been validated using many benchmark cases, as well as
dedicated validation studies (Valkó, 2005a,b; Hogenbirk and van
der Marck, 2002). The burn-up of the five samples in HELIOS was
calculated with the OCTOPUS code package, using a method that
has been verified explicitly for this purpose (Oppe and Kuijper,
2004). The activation analysis was performed using FISPACT
(Forrest, 2001). The position-averaged fluence rates calculated by
MCNPhave been collapsed to theOSCAR-3 7-group structure,which
is used for the HFR cycle calculations presented in the Cycle Reports.
The post-irradiation examination (PIE) program of the HELIOS
experiment did not foresee a dissolution analysis for a measure-
ment of the isotopic composition of the irradiated samples. Besides
validating the present scheme, such a measurement would have
permitted the validation of the improved treatment of the
242mAm isomer creation in the MCB code. Consequently, other ele-
ments of the experiments instrumentation were used to assess the
validity of this scheme.
Table 3
C/E of FD reaction rates.
Flux detector Reaction FD1 FD2a FD3 FD4 FD5 Experimental uncertainty (95% confidence level)
59Co (n,c) 60Co 1.06 ± 0.03b 0.80 ± 0.03 1.01 ± 0.03 1.07 ± 0.03 1.08 ± 0.03 7.2%
93Nb (n,c) 94Nb 1.17 ± 0.06 0.90 ± 0.08 1.09 ± 0.07 1.20 ± 0.06 1.14 ± 0.08 N/C
54Fe (n,p) 54Mn 0.94 ± 0.03 0.69 ± 0.03 0.89 ± 0.03 0.88 ± 0.03 0.87 ± 0.03 4%
46Ti (n,p) 46Sc 0.98 ± 0.04 0.71 ± 0.05 0.94 ± 0.05 0.94 ± 0.04 0.94 ± 0.05 N/C
a See remark in the text.
b Statistical uncertainty (2r) of the source calculation tallies, (N/C = not communicated).
Molybdenum
shroud 
Sample holder
inner wall
Sample 2 with
TC9 in its centre
Fig. 12. Horizontal cut through the HELIOS2 capsule at the axial level of sample 2.
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5.2.1. Flux detector activation simulation
In order to validate the scheme, particular Motif calculations
were performed to tally the reaction rates in the flux detectors
and to compare them with the results of the metrology
(Mutnuru, 2010). As the FDs are located in the molybdenum
shroud, i.e. at a distance of less than 8 mm from the sample pellet
centre, the neutron flux at this position is influenced by the sample
composition. Therefore, the real time dependent sample material
compositions had to be used in these calculations. The average
sample composition for each cycle was calculated using Motif
numerical model with aluminium dummies replaced by five fuel
samples – the two step procedure was not applied. The flux detec-
tors (Fig. 4) were modelled heterogeneously in their proper posi-
tion within the test device (Fig. 11).
The reaction rates calculated where those analysed by PIE
spectroscopy:
– for the thermal fluence: 59Co (n,c) 60Co and 93Nb (n,c) 94Nb;
– for the fast fluence: 54Fe (n,p) 54Mn and 46Ti (n,p) 46Sc.
The activity measurement of the FDs had been carried out by
means of a calibrated HPGe gamma spectrometer coupled to a
4096 channel pulse amplitude analyser.
Table 3 presents the ratio between the calculated (C) and mea-
sured (E) saturation activity of the detectors. Besides a general
overestimation of the thermal flux and an underestimation of the
fast flux, the values are generally in satisfactory accordance, with
the exception of FD2, DC/E > 10%. Incidentally, this flux detector
was found dislodged from its position in the Mo-shroud during
the dismantling of the irradiation device after the irradiation. The
C/E results support the hypothesis that FD2 was displaced during
the irradiation (the irradiation device was rotated by 180 every
cycle) and fell down from its original position (about 10 cm above
the core mid-plane) to be eventually irradiated in a position with a
higher flux2.
The metrology report (Mutnuru, 2010) shows a similar activa-
tion analysis on the base of the neutron flux obtained from the core
follow calculations and averaged over the volume of the QUATTRO
rig. The activity values at saturation per target atom reaction rates
of the product nuclei valid for the activation reactions at a refer-
ence power of 45 MW were calculated with the program VILLA
(Baard and Nolthenius, 1989). The influence of thermal and fast
fluence rate changes during irradiation for each operating cycle
has been taken into account by using volume averaged fluence rate
data valid for HFR core position G7 calculated using OSCAR-3.
Parameters related to the neutron spectrum were calculated with
the program package CHARDA2003 with DOSCROS2001 cross sec-
tion libraries, which adjusts the input spectrum to the measured
reaction rates (Freudenreich, 2001, 2003). The C/Es obtained in this
calculation display an important deviation of 50–60% in the ther-2 The space between the Mo shroud and the inner wall of the sample holder is
encumbered with thermocouples and their wiring. 3 With respect from one cycle to another one.mal energy range (E < 0.625 eV). Compared to the results of the
heterogeneous analysis presented here, this deviation can be
attributed to the effect of the samples on the FDs.
5.2.2. Analysis of sample power evolution
As a complement to the integral validation by the above-
mentioned FD activation analysis, the dynamic aspect of the mod-
elling (i.e. the consideration of the changing core environment)
was assessed qualitatively by comparing the calculated and mea-
sured evolution of sample power during the irradiation campaign.
The nuclear power generated in the samples, which was in the
range of 400–1700W, was not directly measured, but it could be
deduced approximatively from the temperature measurement of
the thermocouples inside the samples 2 and 3 and thermocouples
on the outer surface of the Mo shroud. Considering sample 2 for
example, the temperature T readings of TC 9 and TC 13 (Fig. 12)
are correlated to the power P of the sample by Eq. (4):
P / TTC9  TTC13 ð4Þ
This relationship assumes a heat transport by conduction from
the sample to the Mo-shroud and a roughly constant3 temperature
of the sodium surrounding the Mo-shroud. The coefficient used for
the correlation equals about unity and was determined in the
numerical simulation using ANSYS software (D’Agata et al., 2009).
The latter condition was fulfilled at the beginning of each cycle,
when pure helium was streaming in the sample holder’s double-
shell wall for calibration purposes (later on in the cycle, a specific
He-Nemixture was chosen to adjust the temperature to the specified
value).
The theoretical power is calculated directly by the MCB code
during the source calculation, taking into account the energy gen-
erated by fission and the decay heat (the latter being 0–23W for
sample 2 and 25–47W for sample 3). The c-heating, which
amounts to roughly 30W per sample and should have remained
fairly constant over the irradiation period, was not included.
Fig. 13 presents the evolution of the sample power during an irra-
diation with a hypothetical constant neutron source flux, corre-
sponding to the mean flux at the sample’s position. The predicted
power at a given time is calculated using the theoretical power
Fig. 14. Measured and predicted power of sample nr 2.
Fig. 15. Measured and predicted power of sample nr 3.
Fig. 13. Theoretical evolution of the sample power for samples 2 and 3.
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Figs. 14 and 15 show the measured (estimated) and predicted
power for samples 2 and 3 at the beginning of each cycle. The
power variations from one cycle to another are the product of
the specific environment conditions (orientation of the test rig,
control rod position, reactor power etc.) and the changing sample
properties (depletion and transmutation of 241Am to Plutonium).
Despite the very approximate nature of the power estimation
method, it can be remarked that the predicted power is quite
coherent with the measured power, which is especially observable
for the second sample during all nine irradiation cycles. The third
sample shows also quite good coherence for the cycles 1,2,3 and
7, 8. In general, the coherence is better at the beginning of the cam-paign within first three irradiation cycles for both considered sam-
ples. Afterwards, some fluctuations occur, which may originate
from the applied experimental and numerical setups due to the
novel nature of the method. Most probably causes are the change
in the thermal properties of the sample and the decreasing sensi-
tivity of the internal thermocouples under irradiation (Vitanza
and Stien, 1986). However, this must be proofed in a dedicated
integral experiment. The comparison with the slow and small vari-
ation due to the evolution of sample properties (Fig. 13) underlines
the importance of taking into consideration the environment
conditions.
6. Conclusion and outlook
An efficient, rapid and easy to use neutronics scheme has been
developed to support the preparation and the analysis of irradia-
tion experiments in the High Flux Reactor. The comparison with
experimental results from the HELIOS experiment shows a suffi-
cient precision of the scheme. However, the studies performed
within the framework of the present scheme development and val-
idation has raised a number of topics that deserve further research:
 The comparisonwith activation codes hashighlighted the impor-
tance of a refined modelling of the 241Am (n,c) 242/242mAm
branching ratio for thermal neutron spectra. This modelling
might be validated by benchmarking the scheme predictions
against the results of additional PIE of the HELIOS samples.
 The scheme validation demonstrated the feasibility and the
interest of a real-time measurement of the sample power. The
method applied might be improved with dedicated instrumen-
tation and/or particular experimental procedures, e.g. calibra-
tion periods at the beginning and the end of the cycle.
 The strong radial flux gradient in the vicinity of Pu-containing
samples explains the shortcomings of volume averaged calcula-
tion methods and helps to discern the limits of their domain of
applicability.References
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